Rational intervention in infants with posthemorrhagic hydrocephalus (PHH) would be facilitated greatly by bedside measure of impaired cerebral perfusion, as there is substantial evidence that impaired perfusion and oxidative metabolism contribute to irreversible brain injury in hydrocephalus. Near-infrared spectroscopy (NIRS) measures changes in the cerebral concentration of oxygenated and deoxygenated hemoglobin and oxidized cytochrome oxidase at the bedside of infants continuously and noninvasively. The total hemoglobin and the hemoglobin difference signal are derived from the sum and difference, respectively, of oxygenated and deoxygenated hemoglobin. Changes in total hemoglobin reflect changes in cerebral blood volume; our previous work has shown that changes in hemoglobin difference signal reflect changes in cerebral blood flow. We hypothesized that cerebrospinal fluid (CSF) removal in infants with PHH would result in significant increases in cerebral perfusion, cerebral blood volume, and oxidative metabolism, as measured by NIRS. Continuous NIRS recordings were performed during CSF removal on 16 infants with PHH. There was a statistically significant increase in oxygenated hemoglobin (p Ͻ 0.001), total hemoglobin (p ϭ 0.001), and hemoglobin difference signal (p ϭ 0.006), but not oxidized cytochrome oxidase, accompanying CSF removal. There was no significant correlation between either the volume of CSF removed (in milliliters per kilogram body weight) or the opening pressure and the change in any of the measured or calculated NIRS signals. These findings demonstrate the pronounced effect of CSF removal on cerebral perfusion in infants with PHH. NIRS may be a useful technique to detect impending cerebral ischemia in such infants and thereby provide a means to guide the rational management of PHH. Very low birth weight infants are at high risk of developing IVH (1). PHH is a major complication of IVH and contributes importantly to subsequent long-term cognitive and motor disability (2) (3) (4) (5) . The management of infants with PHH is controversial because the benefits of any specific treatment regimen have not been established (2, (5) (6) (7) (8) . However, substantial data from experimental animal studies of hydrocephalus suggest that impairments in cerebral hemodynamics and oxidative metabolism play a significant role in the pathophysiology of brain injury associated with this disorder (1). Animal studies have clearly shown that early (but not late) treatment of hydrocephalus results in a reversal of impaired cerebral perfusion and oxidative metabolism and the prevention of brain injury and cognitive impairment (9 -13) . Consistent with the animal studies, limited studies of human infants suggest decreased cerebral perfusion and increased cerebrovascular resistance with PHH (1, 14, 15) . However, the previous investigations have used methods that are not applicable serially and at the bedside (e.g. positron emission tomography) or that do not measure cerebral perfusion (e.g. Doppler ultrasound). Thus, there is a need for a technique that can determine whether an infant with PHH has impaired cerebral perfusion. Such a method could facilitate rational decision making in the treatment of PHH and thereby prevention of secondary brain injury.
NIRS is a portable noninvasive technique that can be used to measure changes in cerebral hemodynamics at the bedside of infants. Two experimental studies have shown that changes in CBF correlate with changes in the HbD (see "Methods") measured by NIRS (16, 17) . Thus, we aimed to use this technique to determine whether treatment of PHH by CSF removal resulted in changes in cerebral hemodynamics and oxidative metabolism. We hypothesized that CSF removal in infants with PHH would result in significant increases in cerebral perfusion, CBV, and oxidative metabolism.
METHODS

Subjects.
Newborn infants with IVH who exhibited progressive enlargement of the lateral ventricles (identified by serial cranial ultrasound scans) were eligible for this study. Informed consent was obtained from the parent(s) for all subjects. The study was approved by the institutional review boards at the two participating institutions (Children's Hospital and Brigham and Women's Hospital, Boston, MA, U.S.A.).
NIRS measurements. NIRS was used to detect changes in cerebral hemodynamics and oxygenation continuously and noninvasively at the bedside of the infant (18) . NIRS is based on the principle that hemoglobin and CytOx (the terminal enzyme in the mitochondrial respiratory chain) are naturally occurring chromophores that absorb near-infrared light as a function of their oxygenation state. NIRS measures quantitative changes in HbO and Hb and thereby provides information about intravascular oxygenation. Changes in the redox state of CytOx reflect alterations in intracellular oxygenation.
NIRS measurements were collected using a four-wavelength (775, 824, 843, and 909 nm) spectrophotometer (NIRO500, Hamamatsu Photonics, Hamamtsu City, Japan). The instrument transmits light generated by four laser diodes via a fiberoptic bundle to an optode placed on the infant's head. An identical fiberoptic bundle transmits the light received by a second optode to the photomultiplier tube where the photons are counted. NIRS optodes were placed on the skin overlying the frontoparietal cerebrum with an interoptode spacing of 3.5 cm. The optodes were covered with opaque material and secured to the head with an elastic nonadhesive bandage.
The changes in near-infrared light absorption were used to calculate the changes in the relative concentration in micromoles per liter of each chromophore (Hb, HbO, and CytOx) from an arbitrary baseline value, according to the BeerLambert law (19, 20) . The calculations were corrected for the interoptode distance of 3.5 cm. The differential pathlength factor corrects the total pathlength of the light for the degree of scattering within the tissue sample. For this study, the differential pathlength factor was assumed to be 4.39 as previously determined in human infants (21) . Thus, changes in the concentration of NIRS signals were expressed in units of micromoles per liter. The NIRS instrument simultaneously recorded the peripheral oxygen saturation with the NIRS signals noted above. The HbT and the HbD were calculated from the sum (HbO ϩ Hb) and difference (HbO Ϫ Hb), respectively, of HbO and Hb.
Study protocol. NIRS optodes were placed on the frontoparietal regions of the infants' heads before CSF removal, as noted above. The NIRS signals (Hb, HbO, CytOx) were measured continuously before, during, and after CSF removal. CSF was removed by the neonatologist either by lumbar puncture or by accessing a ventricular reservoir. Once CSF was obtained in the needle hub, the infants were placed in a relaxed, extended position to obtain an accurate opening pressure. The time of the start and end of CSF removal was marked in the NIRO500 tracing with an event marker.
Data analysis. For each CSF removal procedure, the changes in the concentration of each chromophore were calculated as follows. We calculated the means of 10 sequential data points obtained just before and after CSF removal to provide the pre-and post-CSF removal measurements for HbO and Hb. A mean of 10 points was calculated because there was some minimal variability in the NIRS signals, even in the absence of any physiologic or pathologic changes in the infant's clinical condition. In this study, the variability in the NIRS signals in the absence of any apparent real or artifactual perturbations was 0.1-0.3 M for the Hb signals and 0.05-0.15 M for the CytOx signal (the magnitude of the CytOx signal is much smaller than that of the HbO and Hb signals). The means for HbT and HbD were derived from the sum and difference, respectively, of the HbO and Hb signals. Thus the total change in any particular NIRS signal caused by CSF removal was calculated as the difference between these preand post-CSF removal mean values.
Data were excluded from analysis if there was excessive movement artifact in the recording, because movement of the subject produces artifactual changes in NIRS signals. At the time of study, any movements of the baby were recorded in the NIRS data with an event marker. If there were large (Ͼ2 M), abrupt (Ͻ2 s duration) changes in NIRS signals that coincided with the baby's movements, the data were excluded as these changes do not reflect true changes in cerebral hemodynamics related to CSF removal. Also, data were excluded from the analysis if there was an oxygen desaturation to less than 87% during the study, as such a desaturation also produces a significant change in NIRS signals that cannot be attributed only to CSF removal.
Finally, a linear regression was performed to determine whether there was any correlation between the change in each of these NIRS signals (e.g. HbO, Hb, HbD, HbT) resulting from CSF removal and either the volume of CSF removed or intracranial pressure. The change in the infant's CBV was determined by the change in HbT, according to the relationship ⌬CBV ϭ ⌬HbT ϫ 0.89/[Hgb], where [Hgb] is the infant's serum Hb concentration, and 0.89 is a constant that reflects the large vessel to cerebral hematocrit ratio, the brain density in grams per milliliter, and the molecular weight of hemoglobin (22) .
Statistical analysis. To determine whether there was a statistically significant change in a particular NIRS signal with CSF removal, a paired t test was used to compare the mean value before and after CSF removal for each NIRS signal. Analysis of the correlation between NIRS signal changes and 873 CSF REMOVAL IMPROVES CEREBRAL BLOOD FLOW opening pressure or CSF volume removed was performed using linear regression analysis. All data were analyzed using Sigmastat software (SPSS Inc., Chicago, IL, U.S.A.).
RESULTS
A total of 32 studies of NIRS changes during CSF removal were made on 16 infants with PHH. Of these, nine studies on six infants were excluded because of movement artifact, leaving 23 studies on 12 infants that were analyzed. The clinical characteristics of the infants are shown in Table 1 . Multiple studies on the same infant were performed at least 24 h apart. The gestational age at birth of the infants was 29 Ϯ 3.9 wk (mean Ϯ SD; range, 25-38 wk), and the gestational age at the time of NIRS studies was 33 Ϯ 3 wk (range, 27-40 wk). The volume of CSF removed was 8.6 Ϯ 3.4 mL/kg body weight (range, 2.9 -15 mL/kg), and the opening pressure measured at the time of CSF removal was 144 Ϯ 42 mm H 2 O (range, 65-220 mm H 2 O), measured by manometry.
NIRS changes during CSF removal. The change in NIRS signals with CSF removal was analyzed by comparing baseline NIRS signal values with values at the end of CSF removal. There was a statistically significant increase in HbO, HbT, and HbD with CSF removal but no significant change in Hb (Fig.  1) . The mean change in HbO was 4.21 Ϯ 0.82 M (mean Ϯ SEM, p Ͻ 0.001), the change in HbT was 4.48 Ϯ 1.2 M (p ϭ 0.001), and the change in HbD was 3.94 Ϯ 1.30 M (p ϭ 0.006). The change in HbT corresponded to an increase in CBV of 0.44 Ϯ 0.10 mL/100 g accompanying CSF removal (⌬CBV calculated from ⌬HbT as outlined in "Methods"). There was no significant change in CytOx with CSF removal (Fig. 1) .
Relationship between change in NIRS signals and opening pressure or CSF volume removed. Next, we examined the relationship between the changes in NIRS signals (specifically, HbD and HbT) and the volume of CSF removed and the opening CSF pressure. There was no statistically significant correlation between ⌬HbD or ⌬HbT and either the volume of CSF removed (in milliliters per kilogram of body weight) or the opening pressure measured at time of CSF removal (data not shown). There was an insufficient number of measurements of the closing pressure to compare the change in NIRS signals with the change in intracranial pressure.
DISCUSSION
The principal finding of this study is the significant increase in HbO, HbD, and HbT (and thus CBV) that resulted from CSF removal in infants with PHH. This finding demonstrates that CSF removal in infants with PHH has an important and potentially beneficial effect on cerebral hemodynamics. The increase of 0.44 Ϯ 0.10 mL/100 g in the CBV reflects a 20% increase in CBV, as CBV has been measured previously to be 2.2-2.5 mL/100 g in the newborn infant (determined by NIRS or positron emission tomography) (23, 24) . Moreover, this increase in CBV is likely to be due to an increase in CBF, because the change in the sum of HbO and Hb is caused by the increase in HbO, the principal chromophore of the arterial compartment. Notably, changes in HbD were shown to reflect changes in CBF (measured simultaneously by radioactive microspheres) in a piglet model of hydrocephalus (17) . Thus the finding of an increase in HbD accompanying CSF removal in human infants further supports the conclusion that this increase reflects an increase in CBF. This apparent increase in CBF with CSF removal is consistent with animal studies showing 1) that treatment of induced hydrocephalus (by early shunt placement) results in reversal of the decrease in CBF and capillary density caused by the hydrocephalic process (10, 11), and 2) that induced acute hydrocephalus results in the opposite finding, namely reductions in HbO and HbD and in CBF (17, 25) .
We also addressed whether there was an increase in the oxidized form of CytOx accompanying CSF removal, suggesting an improvement in intracellular oxidative metabolism (and not only an increase in intravascular oxygenation). In fact, we found no significant change in CytOx accompanying CSF removal. The only previous published study using NIRS in infants with PHH showed that three of six infants studied had an increase in oxidized CytOx accompanying CSF removal (changes in HbO, Hb, and so forth were not reported) (26) . One explanation for this discrepancy may be a difference in the severity or duration of progressive ventriculomegaly in the two studies. Animal studies of hydrocephalus have shown that a 1  26  810  3  3  17  17-33  4  2  28  1100  3  6  48  14 -78  26  3  24  690  2  5  34  31-36  4  4  30  1600  2-3  1 0  2 2  1 8 -64  32  5  26  900  2-3  5  16  16 -76  8  6  26  685  3  2  53  12-97  52  7  24  535  3  17  100  58 -127  32  8  27  1205  3  11  25  14 -49  13  9  29  1530  3  7  12  12-25  3  10  38  3300  3  5  18  14 -29  3  11  26  715  2  69  70  70 -81  4  12  28  1030  3  3  23 Abbreviations used: Age at onset VD, age in days when progressive ventricular dilation was first noted by cranial ultrasound; GA, gestational age. 874 reduction in CBF occurs before a reduction in oxidative metabolism and irreversible injury (27) . Thus detection of impaired cerebral hemodynamics may be critical for identifying infants at imminent risk for failure of oxidative metabolism and the subsequent development of irreversible parenchymal injury.
One possible explanation for the data obtained is that the changes in NIRS signals measured were the result of normal variation. We did not have a separate control group for comparison in this study; however, we used NIRS measurements made before and after the CSF removal procedure as control NIRS data for each infant. All infants in this study underwent at least 10 min (often 20 -30 min) of stable NIRS recording before or after CSF removal, during which time there was minimal variability in the signals measured. In this way, each subject served as his or her own control for the study. We found that the typical normal variability was on the order of 2 to 8% of the magnitude of changes in NIRS signals accompanying CSF removal. In this and other NIRS studies we have conducted, we have found that large changes in NIRS signals are typically related to significant physiologic or pathologic perturbations. These perturbations would include events such as apnea or bradycardia with significant oxygen desaturation, large changes in blood pressure, or manipulations of ventilator settings resulting in significant changes in PCO 2 . Similarly, large artifactual changes in NIRS signals may result from an infant's movements (a well-known limitation of the NIRS technique). It is unknown whether the NIRS signals return to the pre-event values after a perturbation such as an apnea with desaturation or movement artifact, hence the decision to exclude data containing such events. We do not think that exclusion of such data was a source of significant bias in this study, as such events did not appear to correlate with the severity of PHH or other clinical features in this small group of infants. Thus we are confident that the changes in NIRS signals reported in this study reflect changes in cerebral hemodynamics resulting from CSF removal in infants with PHH.
The specific features of PHH responsible for the effects on cerebral hemodynamics are not clear. The major possibilities include the degree of ventriculomegaly, the degree of intracranial pressure elevation, or both. Our study showed no statistically significant relationship between the changes in NIRS signals (HbD and HbT) and the opening pressure measured or the volume of CSF removed; this lack of correlation may be related to our relatively small sample size. Because our study design did not include quantitation of ventriculomegaly or closing intracranial pressure, we could not accurately correlate the increase in HbO, HbT, and HbD with the degree of changes in ventricular size or intracranial pressure.
CONCLUSIONS
The results obtained in this study show a pronounced effect of CSF removal on cerebral hemodynamics in infants with PHH. These data support the value of CSF removal (even when intermittent) in the treatment of PHH in improving cerebral perfusion. The findings further underscore the difficulty of using opening pressure or volume of CSF removed to guide therapy, as the effect of CSF removal on cerebral perfusion could not be predicted by these clinical measures. The difficulty of obtaining NIRS data during CSF removal that is free of movement artifact and other perturbations (e.g. changes with apnea) may limit the ability of this particular application of NIRS to detect clinically important changes in cerebral perfusion with CSF removal in PHH. However, NIRS is uniquely suited to repeated, noninvasive bedside measurements of cerebral hemodynamics in infants with conditions such as PHH that may disturb cerebral perfusion. NIRS may prove to be valuable in detecting impending cerebral ischemia and thereby guiding appropriate therapy of infants with PHH. 
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